The NUP214-ABL1 fusion gene in T-cell acute lymphoblastic leukemia (T-ALL) has recently been identified as a possible target for imatinib and related tyrosine kinase inhibitors, but exact data regarding the prognostic impact and frequency of the several putative NUP214-ABL1 mRNA transcripts are still missing. We investigated 279 adult patients with T-ALL treated within the framework of the GMALL 5/93 and 6/99 therapy trials for NUP214-ABL1 by using a novel multiplex real-time, quantitative polymerase chain reaction (PCR). Eleven (3.9%) patients were NUP214-ABL1 positive, and 5 different transcripts were observed; 8 patients had a thymic immunophenotype, 1 had an early T-cell immunophenotype, and 2 had a mature T-cell immunophenotype. 
Introduction
Various dysregulated tyrosine kinases found in a number of hematologic diseases are sensitive to specific tyrosine kinase inhibitors such as imatinib. 1 These include the BCR-ABL1 fusion gene in chronic myeloid leukemia and a subset of acute lymphoblastic leukemia and the PDGFRB and PDGFRA fusion genes rarely found in myeloid malignancies. 1, 2 Because this therapeutic option offers high efficacy with comparatively low toxic side effects, efforts have been made to identify new target structures for imatinib. A novel fusion gene, resulting from episomal fusion of the ABL1 gene to the neighboring NUP214 gene, has recently been identified. 3 The T-cell acute lymphoblastic leukemia (T-ALL) cell line ALL-SIL was found to carry this fusion gene and was experimentally susceptible to imatinib treatment. 3 The NUP214-ABL1 fusion gene could thus serve as a target of imatinib treatment in this subset of T-ALL patients, as recently suggested. 4 In this context, the prognostic impact and exact frequency of NUP214-ABL1 in adult patients with T-ALL are of interest. Moreover, because several exons of the NUP214 gene could potentially be fused in-frame to the ABL1 gene, the chromosomal breakpoint region within NUP214 is yet to be well defined. Therefore, we investigated a large number of adult patients with T-ALL treated within the framework of the German Multicenter Adult ALL (GMALL) therapy trials.
Patients, materials, and methods
No experiments on humans or animals were performed. Patients were treated within the German Multicenter Adult ALL (GMALL) therapy studies, and these therapy studies have been approved by the ethics committees of the involved study clinics. Patients provided written informed consent for participation in accordance with the Declaration of Helsinki.
Patient material
Bone marrow (n ϭ 213) and peripheral-blood (n ϭ 66) samples were obtained for diagnostic purposes within the framework of the GMALL therapy studies between May 1993 and May 2003. One hundred forty-two patients were enrolled in the 5/93 study and 137 patients in the subsequent 6/99 study. Details about the therapy have been reported. 5, 6 All samples were taken at the time of primary diagnosis and had a high blast count, as revealed by fluorescence-activated cell sorter (FACS) analysis. Genetic investigations were performed retrospectively on archived material.
Cell lines
The cell lines ALL-SIL, [7] [8] [9] [10] [11] [12] [13] 8 and HPB-ALL, 9 the first 2 harboring the NUP214-ABL1 transcript, 3 were obtained from DSMZ (Braunschweig, Germany; accession numbers 511, 396, and 483, respectively).
Oligonucleotides
All oligonucleotides were obtained from metabion (Martinsried, Germany) and were high-performance liquid chromatography (HPLC) purified.
Immunophenotyping
Immunophenotyping was performed as previously described in detail. 10, 11 Samples were immunologically classified as pre-T cell (cyCD3 ϩ , CD7 ϩ ,
RNA isolation and reverse transcription
RNA was isolated using the TRIzol method (Invitrogen, Karlsruhe, Germany) or the PureScript method (Biozym Diagnostik, HessischOldendorf, Germany). One microgram total RNA was reverse transcribed using the Ready-to-Go RT-PCR Beads (Amersham Biosciences, Freiburg, Germany) in a 33-L total volume. The quality of the cDNA was confirmed using the ABL1 gene as a control in a separate real-time PCR reaction performed under conditions previously recommended by the Europe Against Cancer (EAC) initiative. 12 
Real-time quantitative PCR for NUP214-ABL1
Real-time quantitative PCR was performed on an RG3000 cycler (Corbett Research, Wasserburg am Inn, Germany) using TaqMan chemistry. Each sample was examined in duplicate. The following primers (5Ј-Ͼ 3Ј) were used:
The TaqMan probe was ABL1-3-FAM FAM-TCCCCATTGTG-ATTATAGCCTAAGACCCGGAGCT-BHQ1. All primers and the probe were adjusted to a concentration of 10 M. An equimolar mix of the 10 diluted NUP primers was prepared. The final reaction mix (25 L) contained (final concentra-
, and 3 L cDNA reaction mix. The Absolute QPCR Mix (ABGene, Hamburg, Germany) containing the hot start enzyme Thermo-Start DNA polymerase was used with the following cycler program: 15 minutes at 95°C, 55 cycles (15 seconds at 95°C, 60 seconds at 60°C), 10 minutes at 25°C. For simplified multiplex, real-time quantitative PCR, only the 5 last-mentioned NUP primers were included, and the concentrations were 200 nM for each primer. Reproducible sensitivity 13 of the PCR was assessed using serial dilutions of cell lines and was found to be 10 Ϫ3 for the multiplex PCR.
Conventional (qualitative) PCR
All samples positive by real-time PCR were subsequently analyzed by conventional PCR to identify the exact transcript. The primers described were used in separate PCR reactions performed with the HotStarTaq Mastermix PCR kit (Qiagen, Hilden, Germany) and the following cycler program: 15 minutes at 95°C, 35 cycles of 20 seconds at 95°C, 20 seconds at 58°C, 20 seconds 72°C. Standard techniques were used to sequence purified PCR products on an ABI sequencer with the respective PCR primers as sequencing primers.
Real-time quantitative PCR for TLX1 (HOX11) and TLX3 (HOX11L2)
Aberrant TLX1 or TLX3 expression was detected by real-time PCR in a TaqMan format using the following primers and probes for TLX1 and TLX3, respectively (5Ј-3Ј): HOX11-F GATGGAGAGTAACCGCAGATACAC, HOX11-R TGCGCGGCTTCTTCTTCTT, HOX11-FAM FAM-AGGACAG-GTTCACAGGTCACCCCTATCAGA-BHQ1, HOX11L2-F CAAGACCT-GGTTCCAAAACCG, HOX11L2-R AGGCTGGATGGAGTCGTTGA, and HOX11L2-FAM FAM-CAGCTGCAACACGACGCCTTCCAA-BHQ1. PCR conditions were as described. RNA from the cell lines ALL-SIL and HPB-ALL were used as positive controls.
FISH
Cells fixed for fluorescence in situ hybridization (FISH) with probes for ABL1 and NUP214 were available in 4 patients ( Table 1) . 3 In all 4 patients, an amplification of the ABL1/NUP214 gene was present (proportion of abnormal cells, 1.74%-64.6%; median spot counts/cell, 5-10).
Results
Altogether 279 adult T-ALL samples were analyzed, as described. Eleven (3.9%) samples were found to be NUP214-ABL1 positive by real-time quantitative PCR (Table 1) .
Immunologic and genetic characteristics of the

NUP214-ABL1-positive patients
Eight of these patients had a thymic immunophenotype, 1 had an early T-cell immunophenotype, and 2 had a mature T-cell immunophenotype. No particular immunophenotypic features distinguished NUP214-ABL1-positive patients from NUP214-ABL1-negative ones. Cytogenetic data, available for 8 patients, mostly showed a normal karyotype. Eight of 10 NUP214-ABL1-positive patients had evidence of an aberrant expression of HOX11 genes 
Clinical features of the NUP214-ABL1-positive patients
There were no significant differences in mean age (26.0 years vs 32.3 years; n ϭ 268), sex (82% vs 75.5% male), mean leukocyte count at diagnosis (82.383/L vs 86.081/L; n ϭ 258), CNS involvement (0% vs 9.8%; n ϭ 235), therapy response (CR after induction I, 100% vs 75.9%), and, in particular, overall survival ( Figure 1 ) between NUP214-ABL1-positive and -negative patients.
Discussion
Several hypothetical in-frame fusion genes are possible with NUP214 (Figure 2A) , and the breakpoint region in the NUP214 gene is not yet well characterized. Thus, forward primers were constructed in 10 different NUP214 exons to allow amplification of all possible NUP214-ABL1 in-frame transcripts. The ABL1 SH3 regulatory domain is encoded by ABL1 exons 2 and 3, and its fusion to another gene turns ABL1 into an oncogene. All experimentally observed ABL1 fusion genes (eg, BCR-ABL1) show a fusion of ABL1 exon 2 or occasionally exon 3 to the partner gene. Thus the reverse primer and probe in the real-time PCR were located in ABL1 exon 3. A real-time PCR format was chosen for detection because it is less susceptible than conventional multiplex PCR to misinterpretations caused by artifact bands given that it implies a sequence-specific labeled TaqMan probe.
Graux et al 3 reported 4 adult patients with T-ALL with the NUP214-ABL1 fusion gene. Three died within the first year, and one had an early relapse in month 8 after diagnosis. No treatment data were given for these patients or a comparable NUP214-ABL1-negative group. The authors concluded that this fusion gene was "indicative of a rather aggressive course of the disease." This assumption is not supported by the findings we obtained in a much larger and uniformly treated patient population. Overall survival did not differ significantly between the 2 groups (Figure 1) . The major clinical features were comparable in NUP214-ABL1-positive and -negative patients (Table 1) . Ballerini et al 14 speculated that the presence or absence of NUP214-ABL1 in T-ALL might explain the previously reported heterogeneous clinical courses of TLX3-positive patients. The 3 TLX3-and NUP214-ABL1-positive patients in our series, however, had very different clinical courses (Table 1) . We observed only 5 several possible NUP214-ABL1 transcripts ( Figure 2B ; Table 1 ). Taken together with the results of Graux et al, 3 it appears that a limited number of all theoretically possible transcripts can actually be found in adult T-ALL. We therefore simplified the detection method and established a novel multiplex PCR in a real-time format.
Before the discovery of NUP214-ABL1, an involvement of NUP214 in acute leukemia was already known from AML. Here the carboxyterminal part of the gene is occasionally fused to the chromatin-and DNA-binding DEK gene on 6p23, 15 resulting in a DEK-NUP214 (DEK-CAN) hybrid gene. 16 The exact mode of leukemogenicity of DEK-NUP214 is unknown, but it is thought to interfere with nucleocytoplasmic transport processes. 17 It is unknown whether NUP214-ABL1 also interferes with these transport processes.
A recently published case report described a NUP214-ABL1-positive patient who showed no response to imatinib treatment. 18 It remains an open question whether most NUP214-ABL1-positive patients could benefit from imatinib treatment. It must also be kept in mind that processes other than NUP214-ABL1 fusion may lead to amplification of the ABL1 gene in T-ALL and to potential imatinib susceptibility. 19, 20 Figure 1. Probability of overall survival of NUP214-ABL1-positive and -negative patients. No significant differences were observed in overall survival between NUP214-ABL1-positive (dashed line) and -negative patients (solid line). Table 1 lists the detailed clinical characteristics of the 11 NUP214-ABL1-positive patients. 18) .
